Introduction {#s1}
============

The number of patients with type 2 diabetes mellitus (T2DM) is rapidly increasing globally \[[@R01]\]. Diabetic nephropathy/diabetic kidney disease (DN/DKD) is considered a serious and unsolved complication of T2DM because it is the leading cause of both end stage renal disease and requirement for renal replacement therapy, resulting in important issues not only in clinical practice but also in public health \[[@R01], [@R02]\]. Increased attention has been focused on investigating and developing practical strategies for preventing and improving DN/DKD clinically \[[@R03]\]. Glucose-lowering therapies that exhibit renoprotective effects are considered to have great additional clinical impact on the comprehensive management of T2DM \[[@R04]\]. Regarding practical approaches to treating DN/DKD, identification and assessment of early renal damage by measuring the urine albumin-to-creatinine ratio (UACR) and estimated glomerular filtration rate (eGFR) is recommended to permit early intervention with renoprotective therapies \[[@R03], [@R04]\]. Recently, renal tubular damage as assessed by urinary markers such as urine N-acetyl-β-glucosaminidase (uNAG) has also been recognized as an important pathogenic indicator of DN/DKD \[[@R05], [@R06]\].

Obesity and excess daily calorie intake are critically involved not only in the pathogenesis of T2DM but also of DN/DKD in the current era of satiation \[[@R07]\]. The harmful consequences of obesity and fat overload include ectopic fat accumulation in the kidney resulting in the obesity-related kidney disease "fatty kidney" which promotes DN/DKD progression \[[@R08]\]. Obesity and weight gain are correlated with increasing albuminuria and worsening renal function \[[@R08]\]. Thus, reducing body weight and body fat mass is recognized as an important and effective clinical strategy for practical management of T2DM and DN/DKD \[[@R9]\]. These observations suggest the possible clinical approach of anti-diabetic therapies accompanied by reducing body weight to achieve renoprotection with improvement of albuminuria in DN/DKD.

Sodium-glucose co-transporter 2 (SGLT2) inhibitors exert their glucose-lowering effects via the inhibition of SGLT2 protein in the renal proximal tubule, thus blocking reabsorption of urinary glucose and sodium. Several beneficial pleiotropic effects of SGLT2 inhibitors (SGLT2i) have been reported including improving cardiovascular outcomes, lowering blood pressure, decreasing serum uric acid, and body weight loss, mainly through a reduction in fat mass \[[@R10]\]. Regarding hemodynamics in the kidney, SGLT2i restores homeostasis of the tubuloglomerular feedback mechanism \[[@R11]\] and protects the glomerulus. It has been suggested that SGLT2i may protect kidneys against being overloaded with reabsorbed glucose and sodium and improve energy and oxygen balance in renal proximal tubular epithelial cells \[[@R12]-[@R14]\], leading to recovery of tubular cells and the tubulointerstitial area \[[@R15]\]. Taken together, SGLT2i could provide renoprotective benefits through reducing renal stress in tubular cells and glomeruli, resulting in the improvement of albuminuria accompanied by decreased body fat mass.

We hypothesized that add-on dapagliflozin treatment could improve albuminuria by reducing the body weight or body fat mass in patients with uncontrolled T2DM. We further examined the possible correlation between the change in UACR and changes in body weight, fat mass, and other clinical variables. At the same time, we measured changes in uNAG as a marker of renal tubular damage. The morphological changes in kidneys (kidney length and radiation attenuation) were also assessed by plain abdominal computed tomography (CT).

Materials and Methods {#s2}
=====================

Study population and study protocol {#s2a}
-----------------------------------

The present study was prespecified as the kidney part of the organ-specific arm of a clinical study which examined the changes in body muscle mass after dapagliflozin therapy \[[@R16]\]. We prospectively recruited Japanese patients with stable but uncontrolled T2DM (HbA1c \> 7.0%) without severe obesity (body mass index (BMI) \< 35 kg/m^2^) who were not currently treated with SGLT2 inhibitors from the Diabetes Care Center at Jinnouchi Hospital between 2014 and 2017. The exclusion criteria were as follows: type 1 DM, a history of ketoacidosis, age \> 80 years, unstable cardiovascular disease, active inflammation, severe liver disease, dementia, chronic kidney disease (estimated glomerular filtration rate \< 40 mL/min/1.73 m^2^), nephrotic syndrome, urinary tract infection, cancer, and those who could not remain standing to have a body composition examination. Patients with newly diagnosed DM not on any treatment and with ketosis were also excluded.

The attending physicians at Jinnouchi Hospital non-randomly separated the enrolled patients into two groups: the dapagliflozin group and the non-SGLT2i group. Inclusion in the treatment arm was left to the physicians' discretion. Patients in the dapagliflozin group received their standard ongoing treatments plus additional dapagliflozin (5 mg/day) for 6 months. Patients in the non-SGLT2i group received their standard ongoing treatments along with intensification of glucose-lowering medications (increased doses and addition of other types of medications) except SGLT2i to achieve an HbA1c level \< 7.0% by the end of the study period.

Before starting each treatment, fasting blood and urine samples were collected in the morning. Body composition was measured by bioelectrical impedance analysis using the InBody770^®^ (Biospace, Seoul, Korea) and kidney morphology was assessed by plain abdominal CT (Aquilion CXL^®^; Toshiba, Tokyo, Japan). After 6 months of treatment, additional fasting blood and urine samples were collected, and a second body composition analysis using the InBody770^®^ and plain abdominal CT examination were performed.

The primary outcome was the dapagliflozin-induced changes in UACR investigated as a prospective, parallel-arm, and open-label study. This study was conducted in accordance with the Declaration of Helsinki. The study protocol was approved by the Human Ethics Review Committee of Jinnouchi Hospital (2014-5-No.4), and a signed informed consent form was obtained from each patient. This study was registered under the UMIN protocol registration system (ID UMIN0000333354).

Measurement of UACR, uNAG, and blood biochemical parameters {#s2b}
-----------------------------------------------------------

Fasting blood samples were collected from the antecubital vein in the morning. At the same time, spot urine samples were collected. Blood and urine analyses were conducted in the hospital laboratory to measure the levels of blood glucose, HbA1c, cholesterol, triglycerides, C-peptide immunoreactivity (CPR), creatinine, sodium (Na), potassium (K), chloride (Cl), blood urea nitrogen (BUN), uric acid (UA), and B-type natriuretic peptide (BNP). The levels of non-esterified fatty acid (NEFA), uNAG, magnesium (Mg), and glucagon were measured by SRL Corp. (Tokyo, Japan).

Calculation of the estimated glomerular filtration rate (eGFR) and estimated daily salt intake {#s2c}
----------------------------------------------------------------------------------------------

The eGFR (mL/min/1.73m^2^) was calculated using the formula of the Japanese Society of Nephrology \[[@R17]\]. To estimate the patients' daily salt intake, we measured the urinary sodium and creatinine concentrations in spot urine samples. The estimated daily salt intake (g/day) was calculated using a formula created for estimating the 24-h urinary salt excretion \[[@R18]\].

Measurement of the abdominal visceral fat area (VFA), subcutaneous fat area (SFA), and kidney length and radiation attenuation using abdominal CT {#s2d}
-------------------------------------------------------------------------------------------------------------------------------------------------

We performed plain abdominal CT using a 64-slice multi-detector CT and measured VFA, SFA, and total fat area (TFA) as previously reported \[[@R19]\]. On CT cross-sectional slices that were obtained at the umbilical level, the adipose tissue area located in the peritoneal cavity was defined as VFA (cm^2^), and the adipose tissue area underlying the skin layer was defined as SFA (cm^2^). The VFA and SFA in the supine position were calculated by using a commercial software program based on the Japanese guidelines for obesity treatment (Japan Society for the Study of Obesity, in Japanese) \[[@R19]\]. The TFA (cm^2^) was the sum of the SFA and VFA.

The treatment-induced changes in kidney morphology, kidney length and kidney radiation attenuation were then investigated. The kidney length was measured in the coronal sections of the right and left kidneys on CT images and we selected the maximum values of each kidney length (mm) and calculated the mean values \[[@R20]\]. Values of kidney radiation attenuation (average Hounsfield units; HU values) were measured at the middle level of kidney in the cross sectional images of each kidney using manual tracing \[[@R21]\]. In the present study, the CT HU value was used to assess the tissue lipid content as the degree of "fatty kidney" \[[@R08]\], and a lower CT HU value reflected increased lipid deposition in the kidney \[[@R22]\]. We calculated the mean values of radiation attenuation in both the right and left kidneys.

Measurement of body composition using a bioelectrical impedance analyzer (InBody770®) {#s2e}
-------------------------------------------------------------------------------------

Anthropometric measurements were obtained in the standing position. Body composition was measured as previously reported \[[@R16]\]. Elementary body composition, including total body fat mass (TBFM), body fat percentage, and total water mass was measured using a direct segmental multi-frequency bioelectrical impedance analyzer (InBody770^®^) \[[@R23]\]. This analyzer processes 30 impedance measurements using six different frequencies (1, 5, 50, 250, 500, and 1000 kHz) at each of five segments of the body (right arm, left arm, trunk, right leg, and left leg). In addition, measurements are processed by 15 reactance measurements using tetrapolar 8-point tactile electrodes at three different frequencies (5, 50, and 250 kHz) at each of five segments of the body (right arm, left arm, trunk, right leg, and left leg) \[[@R24]\].

Primary and secondary outcomes {#s2f}
------------------------------

The primary endpoint was the treatment-induced changes in UACR. We tested the superiority of the dapagliflozin-induced changes in UACR compared with non-SGLT2i therapy following a 6-month course of treatment. The secondary outcome was the relationship between the percentage changes in UACR and changes in body weight, fat mass, and other clinical parameters. We also investigated the changes in uNAG and kidney morphology as assessed by plain abdominal CT.

Statistical analyses {#s2g}
--------------------

Based on our preliminary examination at our hospital, a power analysis indicated that enrollment of more than 56 patients (28 patients in each group) was required to detect a mean difference in the change in UACR of -12.0 mg/g in the dapagliflozin group and -2.0 mg/g in the non-SGLT2i group, with a standard deviation of 12.0 mg/g, a power of 80%, and a two-sided alpha of 0.05. The results of normally distributed continuous variables (determined by the Shapiro-Wilk test) were expressed as the mean (standard deviation (SD)), while those of continuous variables with a skewed distribution were expressed as median values (interquartile range). Differences in the baseline characteristics of the two groups were analyzed by Student's *t*-test, the Mann-Whitney U test, or Fisher's exact test for categorical data, as appropriate. Either a paired Student's *t*-test or Wilcoxon's test was used to analyze the effect of each treatment.

To determine the relationships between changes in various clinical parameters and percentage changes in UACR, correlations between variables of interest were analyzed using Spearman's rank correlation coefficient. Patients with a decrease in UACR (changes in UACR \< 0 mg/g) were defined as having an improved UACR in the present study. A logistic regression analysis was used to evaluate the association between improvement in UACR and baseline clinical variables, including age, sex, BMI, HbA1c, fasting plasma glucose (FPG), lipid parameters, CT measures, and therapy allocation (dapagliflozin or non-SGLT2i therapy). Associations between groups and all other parameters were analyzed first by a univariate logistic regression analysis. This was followed by a multivariate logistic regression analysis using the forced inclusion model, and the Hosmer-Lemeshow goodness-of-fit statistic was calculated. A P value \< 0.05 was considered statistically significant. Statistical analyses were performed using the Statistical Package for Social Sciences software program, version 23 (SPSS Inc., IBM, Tokyo, Japan).

Results {#s3}
=======

Baseline clinical characteristics of the study participants {#s3a}
-----------------------------------------------------------

A total of 62 Japanese patients with uncontrolled T2DM were enrolled and non-randomly assigned to the two groups (dapagliflozin group or non-SGLT2i group). All patients completed the study protocol. The baseline clinical characteristics of the total cohort and those of each group are shown in [Table 1](#T1){ref-type="table"}. The mean age was 55.9 years, 71.0% were men, the mean BMI was 27.3 kg/m^2^, the median HbA1c was 7.7%, the mean FPG level was 143.8 mg/dL, and the mean eGFR was 76.1 mL/min/1.73m^2^. At enrollment, 41.9% of patients were treated with insulin, and the frequency of baseline anti-diabetic medications was not significantly different between the groups. The baseline characteristics of patients in the dapagliflozin group were similar to those of the non-SGLT2i group ([Table 1](#T1){ref-type="table"}). The chronic kidney disease (CKD) category and albuminuria category were not significantly different between the two groups.

###### Baseline Clinical Characteristics

                                            Total patients (n = 62)   Dapagliflozin (n = 31)   Non-SGLT2i (n = 31)   P value
  ----------------------------------------- ------------------------- ------------------------ --------------------- ---------
  Age (years)                               55.9 ± 8.3                55.4 ± 8.4               56.4 ± 8.2            0.66
  Sex (male: %)                             71.0 %                    67.7 %                   74.2 %                0.78
  Body mass index (kg/m^2^)                 27.3 ± 2.9                27.9 ± 2.6               26.7 ± 3.0            0.10
  Hypertension (%)                          72.6 %                    77.4 %                   67.7 %                0.57
  Dyslipidemia (%)                          72.6 %                    74.2 %                   71.0 %                1.00
  Current smoking (%)                       22.6 %                    22.6 %                   22.6 %                1.00
  Duration of diabetes (years)              10.0 (7.8 - 17.3)         10.0 (8.0 - 17.0)        11.0 (7.0 - 18.0)     0.85
  Hemoglobin A1c (%)                        7.7 (7.3 - 8.4)           7.6 (7.3 - 8.1)          7.7 (7.2 - 8.6)       0.64
  Fasting plasma glucose (mg/dL)            143.8 ± 39.4              136.0 ± 34.0             151.6 ± 41.7          0.12
  Anti-diabetic medicines (%)               \-                        \-                       \-                    \-
    Sulfonylureas (%)                       27.4 %                    35.5 %                   19.4 %                0.26
    Glinide (%)                             12.9 %                    12.9 %                   12.9 %                1.00
    Metformin (%)                           96.8 %                    100.0 %                  93.5 %                0.49
    Alpha-glucosidase inhibitor (%)         11.3 %                    9.7 %                    12.9 %                1.00
    Thiazolidinedione (%)                   8.1 %                     12.9 %                   3.2 %                 0.35
    DPP-4 inhibitor (%)                     48.4 %                    45.2 %                   51.6 %                0.80
    GLP-1 receptor agonist (%)              9.7 %                     12.9 %                   6.5 %                 0.67
    Insulin (%)                             41.9 %                    29.0 %                   54.8 %                0.07
  eGFR (mL/min/1.73m^2^)                    76.1 ± 12.5               77.4 ± 13.8              74.9 ± 11.1           0.44
    CKD (eGFR \< 60 mL/min/1.73m^2^) (%)    11.3 %                    9.7 %                    12.9 %                1.00
  Albuminuria category (%)                  \-                        \-                       \-                    \-
    Normal (\< 30 mg/g) (%)                 64.5 %                    67.7 %                   61.3 %                0.79
    Micro albuminuria (30 - 300 mg/g) (%)   27.4 %                    25.8 %                   29.0 %                1.00
    Macro albuminuria (≥ 300 mg/g) (%)      8.1 %                     6.5 %                    9.7 %                 1.00

SGLT2i: sodium glucose co-transporter 2 inhibitor; DPP-4: dipeptidyl peptidase; GLP-1: glucagon like peptide-1; eGFR: estimated glomerular filtration ratio; CKD: chronic kidney disease.

Changes in levels of HbA1c, FPG, CPR and glucagon {#s3b}
-------------------------------------------------

For glycemic control, 5 mg/day of dapagliflozin was used in the dapagliflozin group. In the non-SGLT2i group, new medications with the exception of SGLT2i were administered to 25.8% of the patients and the doses of previously prescribed medications including insulin were increased in 93.5% of the patients. The total patients in both treatment groups showed a significant improvement in HbA1c (median (interquartile range): pre-treatment to post-treatment, 7.7% (7.3% - 8.4%) to 6.9% (6.5% - 7.5%), P \< 0.01) and FPG levels (mean ± SD: 143.8 ± 39.4 to 125.2 ± 27.6 mg/dL, P \< 0.01) at 6 months. As shown in [Table 2](#T2){ref-type="table"}, the HbA1c and FPG levels were significantly decreased in both groups, while the absolute changes in the HbA1c and FPG levels were not significantly different between the groups. Dapagliflozin treatment significantly decreased the fasting blood CPR levels. We did not find any marked changes in the fasting plasma glucagon levels in either group.

###### Changes in Glucose Metabolic Parameters, Body Weight, Body Composition, and Abdominal Fat Area

                                Dapagliflozin (n = 31)   P value           Non-SGLT2i (n = 31)   P value                             
  ----------------------------- ------------------------ ----------------- --------------------- ----------------- ----------------- ---------
  HbA1c (%)                     7.6 (7.3 - 8.1)          6.8 (6.5 - 7.4)   \< 0.01               7.7 (7.2 - 8.6)   7.0 (6.6 - 8.0)   \< 0.01
    Absolute change (%)         -1.0 (-1.4 - -0.4)                         -0.6 (-1.2 - -0.3)                                        
  FPG (mg/dL)                   136.0 ± 36.0             116.7 ± 23.1      \< 0.01               151.6 ± 41.7      133.6 ± 29.6      0.01
    Absolute change (mg/dL)     -19.2 ± 26.3                               -18.0 ± 38.6                                              
  CPR (ng/mL)                   2.09 ± 0.95              1.74 ± 0.78       \< 0.01               1.62 ± 0.85       1.56 ± 0.94       0.56
    Absolute change (ng/mL)     -0.35 ± 0.64                               -0.05 ± 0.49                                              
  Glucagon (pg/mL)              151.4 ± 26.0             147.0 ± 27.5      0.404                 142.1 ± 26.4      139.7 ± 27.3      0.697
    Absolute change (pg/mL)     -4.47 ± 28.87                              -2.43 ± 33.93                                             
  Body mass index (kg/m^2^)     27.9 ± 2.6               26.6 ± 2.7        \< 0.01               26.7 ± 3.0        26.6 ± 3.1        0.42
    Absolute change (kg/m^2^)   -1.2 ± 0.9               \*\*              -0.1 ± 1.0                                                
  Body weight (kg)              76.8 ± 8.8               73.3 ± 8.7        \< 0.01               73.0 ± 8.7        72.6 ± 9.1        0.44
    Absolute change (kg)        -3.5 ± 2.5               \*\*              -0.4 ± 2.6                                                
  Total body fat mass (kg)      25.9 ± 6.8               22.9 ± 7.0        \< 0.01               21.9 ± 6.3        21.9 ± 6.7        0.99
    Absolute change (kg)        -3.0 ± 2.6               \*\*              0.0 ± 2.5                                                 
  Body fat percentage (%)       33.6 ± 7.4               30.9 ± 8.1        \< 0.01               29.9 ± 7.8        29.9 ± 8.1        0.87
    Absolute change (%)         -2.7 ± 2.9               \*\*              0.1 ± 2.6                                                 
  Total body water mass (kg)    37.6 ± 5.0               37.1 ± 5.4        0.06                  37.6 ± 5.4        37.3 ± 5.4        0.14
    Absolute change (kg)        -0.5 ± 1.3                                 -0.3 ± 1.0                                                
  Abdominal VFA (cm^2^)         125.3 ± 43.0             102.2 ± 41.0      \< 0.01               119.9 ± 55.8      117.5 ± 57.1      0.55
    Absolute change (cm^2^)     -15.9 (-33.5 - -10.1)    \*\*              -2.9 (-12.4 - 20.5)                                       
  Abdominal SFA (cm^2^)         223.0 ± 80.8             192.5 ± 82.4      \< 0.01               167.4 ± 61.9      169.5 ± 65.0      0.61
    Absolute change (cm^2^)     -23.3 (-42.3 - -10.1)    \*\*              -1.1 (-9.6 - 13.2)                                        
  Abdominal TFA (cm^2^)         348.3 ± 94.1             293.7 ± 95.9      \< 0.01               287.3 ± 85.9      287.0 ± 93.6      0.97
    Absolute change (cm^2^)     -37.1 (-67.0 - -23.5)    \*\*              1.6 (-22.7 - 24.0)                                        

SGLT2i: sodium glucose co-transporter 2 inhibitor; HbA1c: hemoglobin A1c; FPG: fasting plasma glucose; VFA: visceral fat area; SFA: subcutaneous fat area; TFA: total fat area; CPR: C-peptide immunoreactivity. The inter-group difference: \*\*P \< 0.01, dapagliflozin versus non-SGLT2 inhibitor group.

Changes in body weight, total body fat mass, body water mass and abdominal fat area {#s3c}
-----------------------------------------------------------------------------------

We found a significant decrease in the body weight, BMI, TBFM, and body fat percentage in the dapagliflozin group, but not in the non-SGLT2i group ([Table 2](#T2){ref-type="table"}). Dapagliflozin treatment, but not non-SGLT2i treatment, also significantly decreased the waist circumference, abdominal VFA, SFA, and TFA compared with the baseline readings. In contrast to body weight and TBFM, the total body water mass was not significantly changed in either group and the absolute change in the body water mass was not significantly different between the two groups.

Changes in blood pressure, pulse rate, and other metabolic parameters {#s3d}
---------------------------------------------------------------------

Among the lipid parameters, dapagliflozin treatment significantly increased HDL cholesterol and significantly decreased triglyceride levels, while the non-SGLT2i therapy did not exhibit any significant effects. There was also no significant difference in lipids between the two groups upon inter-group comparison ([Table 3](#T3){ref-type="table"}). Dapagliflozin treatment, but not non-SGLT2i treatment, significantly decreased blood pressure and pulse rate compared with the baseline readings. The absolute changes in blood pressure and pulse rate were significantly greater in the dapagliflozin group compared with the non-SGLT2i group as shown in [Table 3](#T3){ref-type="table"}.

###### Changes in Lipids, Blood Pressure, Pulse Rate, and BNP

                                 Dapagliflozin (n = 31)   P value                 Non-SGLT2i (n = 31)   P value                                         
  ------------------------------ ------------------------ ----------------------- --------------------- ----------------------- ----------------------- ------
  Total cholesterol (mg/dL)      153.0 (134.0 - 181.0)    147.0 (129.5 - 168.5)   0.17                  160.0 (138.0 - 182.0)   147.0 (126.0 - 177.0)   0.29
    Absolute change (mm Hg)      -4.9 ± 21.4                                      -5.2 ± 26.0                                                           
  HDL cholesterol (mg/dL)        47.3 ± 9.7               49.7 ± 10.9             \< 0.05               44.4 ± 8.0              45.4 ± 9.6              0.38
    Absolute change (mm Hg)      2.4 ± 5.8                                        1.1 ± 6.6                                                             
  LDL cholesterol (mg/dL)        78.0 (68.0 - 111.0)      84.5 (64.8 - 103.0)     0.35                  85.0 (69.0 - 107.0)     78.0 (62.0 - 102.0)     0.20
    Absolute change (beat/min)   -5.5 ± 20.8                                      -5.1 ± 22.5                                                           
  Triglyceride (mg/mL)           97.0 (69.0 - 120.0)      73.5 (62.5 - 1.1.3)     \< 0.01               107.0 (83.0 - 162.0)    109.0 (70.0 - 156.0)    0.17
    Absolute change (mg/mL)      -16.5 (-38.8 - 0.5)                              -3.0 (-20.0 - 5.0)                                                    
  NEFA (mEq/L)                   433.0 (287.0 - 615.0)    367.0 (258.0 - 499.0)   0.49                  385.0 (327.0 - 488.0)   386.0 (314.0 - 490.0)   0.93
    Absolute change (mEq/L)      -13.0 (-183.0 - 144.0)                           -8.0 (-60.0 - 83.0)                                                   
  Systolic BP (mm Hg)            133.3 ± 15.3             124.8 ± 12.2            \< 0.01               130.2 ± 13.2            130.2 ± 16.1            0.98
    Absolute change (mm Hg)      -6.0 (-12.0 - 0.0)       \*                      -3.0 (-8.0 - 13.0)                                                    
  Diastolic BP (mm Hg)           80.4 ± 10.4              75.3 ± 9.5              \< 0.01               76.6 ± 7.4              76.5 ± 10.4             0.92
    Absolute change (mm Hg)      -5.1 ± 9.0               \*                      -0.1 ± 7.3                                                            
  Pulse rate (beat/min)          75.5 ± 7.4               71.9 ± 8.8              0.015                 77.9 ± 12.1             78.5 ± 11.4             0.59
    Absolute change (beat/min)   -3.6 ± 7.9               \*                      0.7 ± 7.0                                                             
  BNP (pg/mL)                    8.6 (5.0 - 19.9)         7.7 (4.4 - 13.3)        0.06                  9.2 (4.6 - 17.8)        8.8 (4.3 - 13.9)        0.67
    Absolute change (pg/mL)      -1.0 (-7.5 - 1.2)                                -0.2 (-4.4 - 2.6)                                                     

HDL: high density lipoprotein; LDL: low density lipoprotein; NEFA: non-esterified fatty acid; BP: blood pressure; BNP: B-type natriuretic peptide. The inter-group difference: \*P \< 0.05, dapagliflozin versus non-SGLT2 inhibitor group.

Changes in UACR, uNAG, eGFR, serum BUN, UA, Mg and estimated daily salt intake {#s3e}
------------------------------------------------------------------------------

Renal function related parameters are presented in [Table 4](#T4){ref-type="table"}. Neither dapagliflozin nor non-SGLT2i treatments significantly affected eGFR, serum creatinine, BUN, or estimated daily salt intake compared with the baseline. Dapagliflozin treatment significantly increased serum levels of Mg and significantly decreased serum levels of UA while non-SGLT2i therapy did not exhibit significant effects on them. The absolute changes in serum Mg and UA were significantly greater in the dapagliflozin group compared with the non-SGLT2i group as shown in [Table 4](#T4){ref-type="table"}. Serum levels of Na, K, and Cl were not significantly changed in either group (data not shown). In the total patient cohort, UACR and uNAG decreased after the glucose-lowering therapy, although these treatment-induced changes in UACR and uNAG were not statistically significant (UACR: 18.1 (6.7 - 45.5) to 12.0 (6.4 - 44.7) mg/g, P = 0.196; uNAG: 6.65 (4.76 - 12.10) to 5.74 (3.97 - 9.95) U/L, P = 0.112). Upon intra-group comparison, the add-on dapagliflozin-therapy, but not non-SGLT2i therapy, demonstrated a significant improvement in UACR and uNAG. The absolute changes in UACR and uNAG were significantly greater in the dapagliflozin group than in the non-SGLT2i group ([Table 4](#T4){ref-type="table"}). The percentage changes in UACR levels were significantly greater in the dapagliflozin group than in the non-SGLT2i group ([Fig. 1](#F1){ref-type="fig"}).

###### Changes in Renal Function-Related Factors, and Kidney Length and Radiation Attenuation

                                      Dapagliflozin (n = 31)   P value              Non-SGLT2i (n = 31)   P value                                   
  ----------------------------------- ------------------------ -------------------- --------------------- -------------------- -------------------- ------
  eGFR (mL/min/1.73m^2^)              77.4 ± 13.8              75.4 ± 14.1          0.14                  74.9 ±11.1           74.1 ± 12.2          0.53
    Absolute change                   -1.9 ± 7.0                                    -0.8 ± 7.6                                                      
  Serum creatinine (mg/dL)            0.76 ± 0.15              0.78 ± 0.13          0.34                  0.79 ± 0.14          0.80 ± 0.15          0.49
    Absolute change (mg/dL)           0.03 (-0.04 - 0.06)                           0.00 (-0.04 - 0.05)                                             
  Serum BUN (mg/dL)                   12.5 (11.0 - 14.2)       13.2 (11.0 - 15.1)   0.22                  11.4 (10.0 - 13.7)   12.3 (9.7 - 15.1)    0.42
    Absolute change (mg/dL)           0.6 ± 2.8                                     0.6 ± 3.3                                                       
  Serum Mg (mg/dL)                    2.17 ± 0.19              2.32 ± 0.17          \< 0.01               2.19 ± 0.22          2.15 ± 0.25          0.31
    Absolute change (mg/dL)           0.2 (0.0 - 0.3)          \*\*                 -0.1 (-0.2 - 0.1)                                               
  Serum UA (mg/dL)                    5.2 ± 1.3                4.5 ± 1.1            \< 0.01               5.1 ± 1.2            5.2 ± 1.1            0.53
    Absolute change (mg/dL)           -0.5 (-1.0 - 0.0)        \*\*                 0.1 (-0.4 - 0.6)                                                
  Daily salt intake (g/day)           9.5 ± 2.1                9.3 ± 2.3            0.67                  9.7 ± 2.3            9.9 ± 2.7            0.62
    Absolute change (g/day)           -0.2 ± 2.8                                    0.3 ± 3.0                                                       
  UACR (mg/g)                         15.7 (7.6 - 71.0)        7.5 (5.5 - 37.4)     \< 0.01               25.8 (4.4 - 44.3)    16.8 (7.4 - 45.1)    0.43
    Absolute change (mg/g)            -3.7 (-12.8 - -0.1)      \*                   0.82 (-4.7 - 8.6)                                               
  Urine NAG (U/L)                     8.9 (6.6 - 12.2)         6.7 (3.2 - 8.3)      \< 0.01               6.5 (3.8 - 14.3)     5.8 (2.9 - 15.8)     0.69
    Absolute change (U/L)             -3.1 (-6.1 - 0.6)        \*                   0.2 (-3.0 - 5.1)                                                
  Kidney length (mm)                  104.4 ± 8.3              107.9 ± 8.5          \< 0.01               103.3 ± 9.0          102.9 ± 8.5          0.62
    Absolute change (mm)              3.5 ± 5.9                \*\*                 -0.4 ± 3.7                                                      
  Kidney radiation attenuation (HU)   35.9 (34.6 - 37.6)       36.8 (35.2 - 39.3)   0.026                 36.0 (34.6 - 38.2)   35.5 (34.6 - 37.7)   0.56
    Absolute change (HU)              0.98 ± 2.49                                   -0.13 ± 3.37                                                    

eGFR: estimated glomerular filtration ratio; BUN: blood uretic nitrogen; Mg: magnesium; UA: uric acid; UACR: urine albumin-to-creatinine ratio; NAG: N-acetyl-β-glucosaminidase; HU: Hounsfield unit; The inter-group difference: \*P \< 0.05, \*\*P \< 0.01, dapagliflozin versus non-SGLT2 inhibitor group.

![Change in urine albumin-to-creatinine ratio with dapagliflozin therapy and non-SGLT2 inhibitor therapy. Dapagliflozin (n = 31): -21.2 (-52.5 to -1.1) % vs. non-SGLT2i (n = 31): 7.8 (-18.4 to 91.3) %, P = 0.004. Box-and-whisker plots indicate the percentage changes in urine albumin-to-creatinine ratio (UACR) in patients with dapagliflozin therapy (n = 31) or non-sodium-glucose co-transporter 2 (SGLT2) inhibitor therapy (n = 31). In the box-and-whisker plots, lines within boxes represent median values; the top and bottom edges of the boxes represent the 25th and 75th percentiles, respectively; the top and bottom bars outside the boxes represent the 10th and 90th percentiles, respectively. Percentage change in UACR = ((UACR after 6 months of therapy) -- (UACR at enrollment)) × 100/(UACR at enrollment). Notably, upon inter-group comparison, the percentage changes in UACR in patients with dapagliflozin therapy were significantly greater than those in the patients with non-SGLT2 inhibitor therapy.](jocmr-10-466-g001){#F1}

Logistic regression analysis for an improvement in UACR among the baseline factors {#s3f}
----------------------------------------------------------------------------------

The proportion of patients with an improved UACR (changes in UACR \< 0 mg/g) was 77.4% in the dapagliflozin group and 59.7% in the non-SGLT2i group (P = 0.01). Univariate logistic regression analysis showed that the baseline age, waist circumference, abdominal SFA, and dapagliflozin therapy were significantly correlated with an improvement in UACR ([Table 5](#T5){ref-type="table"}). No lipid parameters were significantly correlated with the UACR improvement (data not shown). A forced inclusion multivariate logistic regression analysis with these significant variables from the univariate analysis showed that the baseline age and dapagliflozin-therapy were significantly and independently correlated with an improvement in UACR. The Hosmer-Lemeshow statistic was appropriate (P = 0.59). The proportion of patients with an improvement in both of UACR and uNAG (changes in UACR \< 0 mg/g and uNAG \< 0 U/L) was 53.3% in the dapagliflozin group and 11.5% in the non-SGLT2 inhibitor group (P \< 0.01, [Fig. 2](#F2){ref-type="fig"}). Univariate logistic regression analysis indicated that dapagliflozin therapy was significantly correlated with an improvement in both UACR and uNAG (odds ratio; 9.52, 95% confidence interval; 2.36 to 38.46, P \< 0.01).

###### Logistic Regression Analysis for the Improvement of Urine Albumin-to-Creatinine Ratio Among Baseline Factors

  Baseline Variable                   Univariate logistic regression   Multivariate logistic regressionusing forced inclusion model                                     
  ----------------------------------- -------------------------------- -------------------------------------------------------------- ------- ------- ----------------- -------
  Age (per year)                      0.929                            0.864 to 0.997                                                 0.042   0.917   0.844 to 0.997    0.042
  Gender (male)                       0.658                            0.209 to 2.072                                                 0.474           \-                
  Body mass index (per 1.0 kg/m^2^)   1.152                            0.954 to 1.389                                                 0.141           \-                
  Body weight (per 1.0; kg)           1.051                            0.988 to 1.119                                                 0.111           \-                
  Waist circumference (per 1.0; cm)   1.086                            1.003 to 1.176                                                 0.042   1.078   0.962 to 1.208    0.197
  Total body fat mass (per 1.0; kg)   1.076                            0.991 to 1.168                                                 0.080           \-                
  Body fat percentage (per 1.0; %)    1.048                            0.978 to 1.122                                                 0.181           \-                
  Hypertension (yes)                  0.352                            0.099 to 1.245                                                 0.105           \-                
  Dyslipidemia (yes)                  0.746                            0.235 to 2.375                                                 0.620           \-                
  Current smoker (yes)                1.286                            0.374 to 4.419                                                 0.690           \-                
  Hemoglobin A1c (per 1.0; %)         1.274                            0.730 to 2.217                                                 0.394           \-                
  FPG (per 1.0; mg/dL)                1.003                            0.990 to 1.016                                                 0.639           \-                
  CPR (per 1.0; ng/mL)                1.736                            0.923 to 2.702                                                 0.086           \-                
  Glucagon (per 1.0; pg/mL)           1.016                            0.995 to 1.037                                                 0.139           \-                
  Duration (per 1.0; years)           1.009                            0.929 to 1.094                                                 0.837           \-                
  Abdominal VFA (per 1.0; cm^2^)      0.998                            0.988 to 1.009                                                 0.755           \-                
  Abdominal SFA (per 1.0; cm^2^)      1.008                            1.000 to 1.015                                                 0.049   0.998   0.987 to 1.009    0.760
  Abdominal TFA (per 1.0; cm^2^)      1.004                            0.999 to 1.010                                                 0.143           \-                
  Kidney length (per 1.0; mm)         0.988                            0.931 to 1.049                                                 0.698           \-                
  Kidney attenuation (per 1.0; HU)    1.000                            0.849 to 1.176                                                 0.995           \-                
  Dapagliflozin therapy (yes)         4.739                            1.574 to 14.285                                                0.015   4.505   1.309 to 15.625   0.016

OR: odds ratio; CI: confidence interval; FPG: fasting plasma glucose; CPR: C-peptide immunoreactivity; VFA: visceral fat area; SFA: subcutaneous fat area; TFA: total fat area; HU: Hounsfield unit. Hosmer-Lemeshow P = 0.587 in multivariate analysis.

![Proportion of patients with improved urine albumin-to-creatinine ratio and urine N-acetyl-β -glucosaminidase who received dapagliflozin therapy and non-SGLT2 inhibitor therapy. The proportion of patients with an improved urine albumin-to-creatinine ratio (UACR) and urine N-acetyl-β-glucosaminidase (uNAG) was 53.3% in the dapagliflozin group and 11.5% in the non-SGLT2 inhibitor group (P = 0.002). SGLT2i: sodium-glucose co-transporter 2 inhibitor.](jocmr-10-466-g002){#F2}

Association between changes in UACR and changes in clinical variables {#s3g}
---------------------------------------------------------------------

To determine the factors associated with the changes in UACR and the changes in various clinical and laboratory parameters during the treatment period, we undertook Spearman's rank correlation coefficient analysis between the percentage changes in UACR and the variables. The percentage change in UACR was not significantly correlated with changes in HbA1c, FBG levels, the body weight, BMI, and abdominal fat area ([Table 6](#T6){ref-type="table"}). No lipid parameters were significantly correlated with the percentage change in UACR (data not shown). However, the percentage change in UACR was significantly and positively correlated with changes in fasting glucagon, TBFM, and body fat percentage.

###### Correlation Between Percent Changes in Urine Albumin-to-Creatinine Ratio and Changes in Clinical Variables

                                                  Spearman's   P value
  ----------------------------------------------- ------------ ---------
  Changes in hemoglobin A1c (%)                   0.113        0.368
  Changes in fasting blood glucose (mg/dL)        0.234        0.067
  Changes in fasting blood CPR (ng/mL)            0.045        0.733
  Changes in fasting blood glucagon (pg/mL)\*\*   0.366        0.004
  Changes in body mass index (kg/m^2^)            0.221        0.084
  Changes in body in body weight (kg)             0.223        0.082
  Changes in waist circumference (cm)             0.228        0.074
  Changes in total body fat mass (kg)\*           0.281        0.027
  Changes in body fat percentage (%)\*            0.260        0.041
  Changes in total body water mass (kg)           -0.141       0.275
  Changes in SFA (cm^2^)                          0.211        0.100
  Changes in VFA (cm^2^)                          0.033        0.799
  Changes in TFA (cm^2^)                          0.112        0.385
  Changes in systolic blood pressure (mm Hg)      0.198        0.122
  Changes in diastolic blood pressure (mm Hg)     0.135        0.294
  Changes in pulse rate (per min)                 0.036        0.784
  Changes in BNP (pg/mL)                          -0.018       0.888
  Changes in urine NAG (U/L)                      -0.016       0.905
  Changes in kidney length (mm)                   -0.172       0.182
  Changes in kidney radiation attenuation (HU)    -0.078       0.547

LnRHI: natural logarithmic transformation of reactive-hyperemia index; CPR: C-peptide immunoreactivity; TG: triglyceride; NEFA: non-esterified free fatty acid; BNP: B-type natriuretic peptide; NAG: N-acetyl-β-glucosaminidase; TFA: total fat area; VFA: visceral fat area; SFA: subcutaneous fat area; HU: Hounsfield unit. \*P \< 0.05, \*\*P \< 0.01.

Changes in kidney length and radiation attenuation as assessed by abdominal plain CT {#s3h}
------------------------------------------------------------------------------------

The treatment-induced changes in kidney morphology, including kidney length and radiation attenuation, are presented in [Table 4](#T4){ref-type="table"}. Dapagliflozin treatment significantly increased kidney length and radiation attenuation while in contrast non-SGLT2i therapy did not exhibit any significant effects. The absolute change in kidney length was significantly greater in the dapagliflozin group compared with the non-SGLT2i group. The dapagliflozin therapy-induced changes in radiation attenuation were greater than those in non-SGLT2i group, although the difference was not statistically significant (P = 0.14). The change in kidney length was significantly greater in patients with an improvement in both UACR and uNAG compared with those who did not (mean ± SD; 3.92 ± 7.39 mm vs. 0.62 ± 3.38 mm, P = 0.023).

Discussion {#s4}
==========

The add-on treatment of the SGLT2 inhibitor dapagliflozin for 6 months significantly improved UACR and glycemic control associated with a substantial reduction of body fat mass in patients with uncontrolled T2DM. Interestingly, we found that the dapagliflozin therapy produced a significant improvement in the renal proximal tubular injury marker uNAG and significantly increased the radiation attenuation and length of kidney. These findings indicate unique impacts of dapagliflozin on kidney protection and morphology, which could be of great advantage in treating T2DM in clinical practice.

The randomized clinical trials EMPA-REG OUTCOME and CANVAS revealed that SGLT2 inhibition exhibited protective effects on renal events \[[@R25], [@R26]\]. Similarly, a recent meta-analysis demonstrated that SGLT2i could potentially provide clinical benefits by reducing UACR \[[@R27]\]. Herein, we clearly demonstrated that 6 months dapagliflozin therapy produced significant renoprotective effects such as reducing UACR and uNAG, but without decreasing eGFR, in the daily clinical practice of T2DM treatment. The underlying mechanism reducing UACR might be the improvement of tubuloglomerular feedback, leading to recovery of GFR homeostasis in the glomerulus \[[@R11]\]. Furthermore, the SGLT2i-induced glucose lowering, improvement of insulin resistance, and blood pressure lowering with sodium excretion and reduction of extracellular volume might play a positive role in the mechanisms of improving UACR \[[@R27]\]. Moreover, we demonstrated for the first time that dapagliflozin significantly decreased uNAG, which is a renal tubular damage marker \[[@R05]\]. In patients with T2DM, tubulointerstitial injury is both a key pathogenic feature of DN/DKD and an important predictor of future renal events \[[@R06]\]. Expression of SGLT2 protein \[[@R28]\] and glucose/sodium-reabsorption with ATP consumption are greatly enhanced in renal proximal tubular epithelial cells in patients with T2DM \[[@R13], [@R14]\]. As SGLT2i blocked the accelerated reabsorption of urinary glucose and sodium, SGLT2i could protect the kidney against stress from the overloaded trafficking of glucose and sodium and improve energy and oxygen balance in renal proximal tubular cells \[[@R12]-[@R14]\], leading to recovery of the tubulointerstitial area \[[@R15]\]. Resulting from the dual improving impacts of dapagliflozin on both UACR and uNAG, dapagliflozin may have particularly beneficial effects on not only glomerular injury but also tubulointerstitial damage in DN/DKD.

Excess calorie intake, obesity, and ectopic fat accumulation are important pathogenic factors of T2DM \[[@R07]\]. Recently, the concept of "fatty kidney" as an obesity-related kidney disease has been proposed \[[@R08]\]. Ectopic fat deposition in the kidney can cause glomerular and tubulointerstitial injury by accelerating inflammation and oxidative stress in DN/DKD \[[@R07]\]. Obesity and weight gain are correlated with increasing albuminuria and worsening renal function \[[@R08]\], and reducing body weight and body fat mass has been recognized as important and effective clinical strategies for practical management of T2DM and DN/DKD \[[@R9]\]. We demonstrated that dapagliflozin therapy significantly improved UACR and reduced TBFM and the percent decrease in UACR was significantly correlated with reduction of TBFM, but not body weight, in the present study, indicating the anti-diabetic therapy accompanied by decreasing body fat mass can exhibit clinical benefits on renal protection in T2DM. Furthermore, we report for the first time that dapagliflozin produced significant increases in kidney radiation attenuation by abdominal CT, indicating the reduction of kidney fat deposition \[[@R22]\]. In animal experiments, dapagliflozin significantly decreased ectopic fat accumulation, inflammation, and oxidative stress in the kidney of mice fed a Western diet \[[@R29]\]. The baseline values of kidney radiation attenuation were lower than those previously reported for healthy subjects \[[@R21]\], suggesting increased kidney ectopic fat accumulation in our patients with uncontrolled T2DM. The current study did not show a significant correlation between the treatment-induced improvement in UACR and changes in the kidney radiation attenuation. As the clinical significance of the treatment-induced changes in kidney radiation attenuation is uncertain at present, future studies are needed to clarify the implication of the increasing kidney radiation attenuation.

Interestingly, we demonstrated for the first time that dapagliflozin significantly increased kidney length compared with the non-SGLT2i group after 6 months of treatment. In patients with CKD, the kidney size is positively correlated with eGFR as the kidney function and the impairment of renal function is associated with kidney atrophy and size reduction \[[@R30]\]. There are no previous clinical reports presenting anti-diabetic treatment-induced changes in kidney size in T2DM. In patients with DM, hypertrophy of kidneys was observed in the early disease phase with hyper-filtration \[[@R31]\]. The participants of the present study had uncontrolled glucose levels and T2DM, with an average decreased eGFR of 76 mL/min/1.73m^2^ and median diabetes duration of more than 10 years. Thus, they already had moderately impaired GFR rather than hyper-filtration, indicating that their kidneys might transition to the atrophic stage from the early hypertrophic stage. In the kidneys of patients with DN/DKD, glomerular lesion development, tubular damage, tubulointerstitial atrophy, fibrosis, and inflammation were histologically observed \[[@R32], [@R33]\]. Tubulointerstitium makes up approximately 90% of kidney volume \[[@R34]\]. The progression of tubulointerstitium abnormalities could lead to tubular atrophy, apoptosis, and fibrosis, possibly leading to the kidney size reduction. Because SGLT2i might reduce the glucose/sodium reabsorption-dependent metabolic stress in tubulointerstitium \[[@R06], [@R14]\], it could be speculated that dapagliflozin improves renal tubulointerstitial atrophy associated with the progression of CKD stage in T2DM. Notably, SGLT2i both protected against and improved these pathogenic changes in animal models \[[@R28], [@R29]\]. Regarding the changes in kidney size in animal experiments, knockout of SGLT2 did not significantly effect renal growth and kidney size in a mouse model \[[@R35]\], and several studies demonstrated that SGLT2i tended to increase kidney weight (kidney weight/body weight) in diet-induced obese mice \[[@R36]-[@R38]\] and sub-totally nephrectomized rats \[[@R39]\]. To determine the possible clinical effects of SGLT2i on renal protection through increased kidney size, further studies are required.

SGLT2i was shown to elevate serum Mg levels in a previous meta-analysis \[[@R40]\], which was confirmed in the present study. In contrast, a previous study showed that the serum Mg levels were significantly decreased in patients with DM \[[@R41], [@R42]\]. Lower serum Mg levels have a significant clinical correlation with death from cardiovascular events, arrhythmia, heart failure, coronary spasm, and coronary artery disease \[[@R43]\]. We speculate that the elevation of serum Mg levels by dapagliflozin might in part be involved in the stabilization of cardiovascular homeostasis, thereby possibly leading to a reduction in occurrence of the cardiovascular events.

The present results unexpectedly revealed an intriguing connection between the glucose-elevating hormone glucagon and DN/DKD. Specifically, the treatment-induced changes in UACR were significantly and positively correlated with changes in fasting serum levels of glucagon, suggesting the possible usefulness of glucagon-inhibition in renal protection in the future. It has been previously reported that fasting glucagon levels were significantly elevated in patients with DN/DKD as disease severity progressed \[[@R44]\]. Furthermore, chronic glucagon administration exacerbated albuminuria in a T2DM mouse model \[[@R45]\]. Dapagliflozin has been reported to suppress glucagon signaling \[[@R46]\] and a recent clinical study with dapagliflozin demonstrated a significant decrease in fasting glucagon levels after 6 months therapy \[[@R47]\]. Our present results also showed a tendency towards treatment-induced decreases in fasting glucagon levels during the 6 months glucose-lowering therapy. Further studies are required to determine the precise role of glucagon on renal function in T2DM.

There are several limitations to the current study including the small number of participants, relatively short study period, open-label design, non-random allocation, and possible bias in patient selection. This study was the organ-specific arm of our previous study \[[@R16]\] and the majority of participants in the present study had normoalbuminuria (UACR \< 30 mg/g). More detailed and longer studies with mainly DN/DKD patients are required to validate the effects of SGLT2i treatment on improving renal function as demonstrated in the present study. The beneficial effects of SGLT2i on renal function and morphology should be confirmed in larger, randomized clinical studies. This study included patients with uncontrolled T2DM (HbA1c \> 7.0%) as well as patients without severe obesity (BMI \> 35 kg/m^2^). Further studies evaluating the effects of dapagliflozin on renal function should be considered in patients with T2DM with a normal weight, severe obesity, older age, and well-controlled DM. In addition, the detailed molecular mechanisms underlying the dapagliflozin-induced improvement in the renal function could not be determined in the present clinical study and should be investigated further.

Conclusions {#s4a}
-----------

The add-on treatment of a SGLT2 inhibitor dapagliflozin exhibits significant renoprotective effects including reducing UACR and uNAG and increasing kidney size and radiation attenuation associated with a reduction in body fat mass in patients with uncontrolled T2DM.
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